Trans-synaptic adhesion between Neurexins (Nrxs) and Neuroligins (Nlgs) is thought to be required for proper synapse organization and modulation, and mutations in several human Nlgs have shown association with autism spectrum disorders. Here we report the generation and phenotypic characterization of Drosophila neuroligin 2 (dnlg2) mutants. Loss of dnlg2 results in reduced bouton numbers, aberrant presynaptic and postsynaptic development at neuromuscular junctions (NMJs), and impaired synaptic transmission. In dnlg2 mutants, the evoked responses are decreased in amplitude, whereas the total active zone (AZ) numbers at the NMJ are comparable to wild type, suggesting a decrease in the release probability. Ultrastructurally, the presynaptic AZ number per bouton area and the postsynaptic density area are both increased in dnlg2 mutants, whereas the subsynaptic reticulum is reduced in volume. We show that both presynaptic and postsynaptic expression of Dnlg2 is required to restore synaptic growth and function in dnlg2 mutants. Postsynaptic expression of Dnlg2 in dnlg2 mutants and wild type leads to reduced bouton growth whereas presynaptic and postsynaptic overexpression in wild-type animals results in synaptic overgrowth. Since Nlgs have been shown to bind to Nrxs, we created double mutants. These mutants are viable and display phenotypes that closely resemble those of dnlg2 and dnrx single mutants. Our results provide compelling evidence that Dnlg2 functions both presynaptically and postsynaptically together with Neurexin to determine the proper number of boutons as well as the number of AZs and size of synaptic densities during the development of NMJs.
Introduction
Synapses are the fundamental units of neural networks and exhibit tightly apposed presynaptic and postsynaptic areas that are enriched in cell adhesion molecules (Giagtzoglou et al., 2009) . A group of synaptic adhesion proteins thought to orchestrate formation of the presynaptic and postsynaptic structures are the Neuroligins (Nlgs) and their binding partners Neurexins (Nrxs) (Craig and Kang, 2007; . A growing body of evidence associates these molecules with autism spectrum disorders (ASD), as mutations in human NLGs were discovered in ASD patients (Jamain et al., 2003; Szatmari et al., 2007) . Nlgs are a family of transmembrane proteins with an extracellular domain that displays homology to acetylcholinesterase (AChE) and localizes to the postsynaptic membranes (Ichtchenko et al., 1995; Song et al., 1999) . Nlgs form dimers and bind to Nrxs through this AChE-like domain. At the C terminus, Nlgs have a PSD-95, Dlg, and ZO-1 (PDZ) domain binding sequence motif, which can interact with PDZ domain containing proteins (Song et al., 1999; Nourry et al., 2003) such as PSD-95 (Irie et al., 1997; Iida et al., 2004; Meyer et al., 2004) .
Mammalian cell culture studies suggested that Nlgs play a role in synapse formation (Scheiffele et al., 2000; Dean et al., 2003; Chih et al., 2004; Nam and Chen, 2005) . However, in vivo knockout studies of mouse Nlgs and Nrxs revealed normal synapse structure and numbers but defective synaptic transmission pointing to their role in synapse function , as opposed to synapse formation. To further analyze the Nlg/Nrx function, recent studies used Dro-sophila to circumvent the functional redundancy issues and address the function of these proteins in vivo Banovic et al., 2010) .
Genome analyses in Drosophila identify four Nlg-like proteins (CG31146, CG13772, CG34127, and CG34139) (Biswas et al., 2008; Banovic et al., 2010; Sun et al., 2011) . We have been attempting to determine the role of CG13772 [Drosophila Neuroligin 2 (Dnlg2)], but during the final stages of preparation of this work, Sun et al., (2011) reported the characterization of a null mutation in dnlg2. Here we report the generation of an independent null allele of dnlg2. We show that loss of Dnlg2 results in reduced synaptic development and neurotransmission. The synaptic function of Dnlg2 is only restored when Dnlg2 is expressed both presynaptically and postsynaptically at the neuromuscular junctions (NMJs), unlike what was reported (Sun et al., 2011) . Furthermore, postsynaptic overexpression of Dnlg2 causes reduction in bouton growth, whereas combined presynaptic and postsynaptic overexpression leads to synaptic bouton overgrowth. We show that double mutants of dnrx and dnlg2 are fully viable and display phenotypes that resemble dnlg2 and dnrx single mutants. We therefore reach different conclusions than Sun et al. (2011) . Our results reveal that Dnlg2 is required presynaptically and postsynaptically for synapse development and function at NMJs, and that both proteins largely affect the same biological processes in vivo, i.e., determining the proper number of active zones (AZs) and the size of the presynaptic densities.
Materials and Methods
Cloning of dnlg2 full-length cDNA. A PCR fragment was amplified from fly genomic DNA based on sequence homology with the vertebrate Neuroligin-1. The PCR fragment was radiolabeled to screen a Drosophila 0 -20 h embryonic cDNA library. Overlapping partial cDNA clones were isolated, sequenced, and compiled as into a full-length cDNA sequence of 4195 bps encoding an open reading frame of 1248 aa. This cDNA corresponds to dnlg2. The GenBank accession number of dnlg2 sequence is AAF52450.
In situ hybridization. PCR-amplified DNA fragments from the 3Јre-gion of dnlg2 cDNA were amplified and labeled with digoxigenin-UTP (Roche) as sense and antisense probes and used for in situ hybridization following standard protocols (Kearney et al., 2004) .
Production and purification of Dnlg2 Antibody. Guinea pig polyclonal antibodies against Dnlg2 were generated using a recombinant protein containing the cytoplasmic region of Dnlg2 fused with glutathione S-transferase (GST) at the N terminus (GST-Dnlg2-CT). The serum was affinity purified after passing it through a GST-Sepharose column followed by binding with GST-Dnlg2-CT-Sepharose. The purified antibody was used at a dilution of 1:50 for immunostaining and 1:100 for immunoblot analysis.
Generation of dnlg2 mutants. dnlg2-null alleles were generated by targeted deletion using FLP-FRT recombination (Parks et al., 2004; Thibault et al., 2004) . A P insertion upstream of the dnlg2 genomic locus, P{XP}d02251, and a piggyBac insertion downstream of dnlg2 locus, PBac{WH}f04579, were selected. The males from P{XP}d02251 and PBac{WH}f04579 were individually crossed to virgin females bearing FLP recombinase. Male progeny carrying both P{XP}d02251 and FLP recombinase were crossed to females carrying PBac{WH}f04579 and FLP recombinase. After 2 days of egg laying, the parents and progeny were both heat shocked at 37°C for 1 h. On the third day, the parents were removed and the progeny were heat shocked for 1 h each day for 4 more consecutive days. After eclosion, mosaic virgin females were mated with yw;L/CyO males. The red-eye progeny males were individually crossed to yw;L/CyO virgin females to obtain balanced stocks which were analyzed for dnlg2 deletion by PCR. The following primers were used to verify the targeted deletion of dnlg2 locus and to determine the breakpoints of the deletion: 5Ј-TGCTGAGCGCAACAAGGACCA-3Ј, 5Ј-CGGGTGAATC  TCTCCCACTAA-3Ј, 5Ј-CCAAAGCTCCCGGATTTACC-3Ј, 5Ј-CTAC   GTAAAGACTCGGCCCCATTCAGC-3Ј, 5Ј-CTAACATCTCATCTGG  GTCCTC-3Ј, 5Ј-GACCAGGAGATCAAGATCCGC-3Ј, 5Ј-CCGAGTCC  AAGTCCAACTACA-3Ј, and 5Ј-CGGTTTTGGAATTCTCTAGAAATC  TCTTTA-3Ј. A dnlg2-null allele was outcrossed to an isogenized w 1118 Canton-S line (a gift from V. Budnik) for seven generations and two independent lines dnlg2 CL2 and dnlg2 CL5 were balanced over a green fluorescent protein (GFP) balancer. For each set of experiment, homozygous dnlg2/dnlg2 non-GFP wandering third-instar larvae were collected for experimental analyses.
Fly stocks and genetics. The same isogenized w 1118 line used for outcrossing dnlg2-null allele served as the control for all analyses. P [acman] BAC CH322-173I20 (Venken et al., 2009) , which carries the entire dnlg2 genomic locus, was used to generate transgenic flies using PhiC31 integrase-mediated site-specific transgenesis (attP docking site at 68A4) (Bateman et al., 2006) . The UAS-dnlg2 flies used in rescue experiments were provided by G. Boulianne (Sun et al., 2011) . The dnrx-null allele, dnrx 273 , was used for the genetic analyses in this study . Df(3R)5C1 (referred in the text as Df ), which uncovers the dnrx locus, has been described previously . Gal4 lines used for Dnlg2 overexpression were as follows: C57-Gal4 (Budnik et al., 1996) and 24B-Gal4 (Luo et al., 1994) (expressed mainly in the musculature), elav-Gal4 (expressed in all neurons) (Lin and Goodman, 1994) , and tub P -Gal4 (expressed ubiquitously) (Lee and Luo, 1999) . All stocks and crosses were raised at 21°C. For each set of experiments, all genotypes and crosses were transferred to fresh culture at the same time to maintain consistency. Other fly stocks were obtained from the Drosophila Stock Center (Bloomington, IN).
Immunostaining, confocal microscopy, and bouton number quantification. Preparation and antibody staining for whole-mount embryos and dissected wandering third-instar larvae were performed as described previously . Dissected larval fillets were fixed in Bouin's fixative for 15 min. The following antibodies were used: guinea pig antiDnlg2 (1:50, this study), guinea pig anti-Dnrx (1:500; Li et al., 2007) , mouse anti-GluRIIA (1:250), rabbit anti- GluRIII (1:2000; Marrus et al., 2004 ), rabbit anti-Dlg (1:2000 Woods and Bryant, 1991) , and mouse monoclonal anti-Brp (1:500; Wagh et al., 2006) . The Dnrx signal at the NMJ was detected by using the VECTASTAIN ABC system (Vector Laboratories) and Tyramide Signal Amplification (Invitrogen-Invitrogen) . Secondary antibodies conjugated to Alexa 488, 568, and 647 (Invitrogen-Invitrogen) were used at 1:400. Fluorescence-conjugated antihorse radish peroxidase (HRP) (Jackson ImmunoResearch Laboratories) antibodies were used at 1:50.
Samples for each set of experiments were processed simultaneously, stained in the same tube, and imaged with the same parameters using Olympus FV1000 confocal microscope. Quantification of bouton numbers was performed at muscles 6/7 and muscle 4 of abdominal segment 3. Type Ib boutons at NMJ6/7 and at NMJ4 were visualized and quantified by staining of body wall muscle preparations with anti-HRP and antiDlg. Quantification for bouton numbers was normalized to wild type.
Quantification of fluorescence intensity. Control w 1118 and all mutants were immunostained with anti-GluRIIA and anti-Brp or anti-GluRIII and anti-Brp. Terminal boutons at each branch of NMJ6/7 from five to seven animals of each genotype were scanned by confocal microscopy. Confocal stacks were acquired using the same settings with 0.25 m steps through the entire synaptic boutons. Images were processed using Volocity 5.3 (Improvision) software. The fluorescent intensity of GluRIIA or GluRIII in each terminal bouton was determined by integrating the fluorescent intensity of the areas with 15 to 100% intensity of the whole image. The integrated intensity of GluRIIA or GluRIII was then divided by the number of AZs in each bouton to obtain the level of GluRIIA or GluRIII fluorescence intensity per AZ. The total number of AZs at NMJ6/7 was quantified using the function "separate touching objects" of Volocity. The areas with anti-Brp staining intensity at 10 to 100% were selected and the touching dots were separated using 0.03 m as the size reference.
Electron microscopy and morphometric analysis. For ultrastructural NMJ studies, third-instar larval fillets were dissected at room temperature in ice-cold, calcium-free HL-3 medium (Stewart et al., 1994) con-taining 70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose, 5 mM HEPES, and 115 mM sucrose, pH 7.2, and subsequently fixed overnight in 4% paraformaldehyde/1% glutaraldehyde/0.1 M cacodylic acid, pH 7.2. Microwave irradiation with the PELCO BioWave 34700 laboratory microwave system was used for subsequent electron microscopy (EM) processing steps. After overnight fixation, the fixed fillets were additionally fixed at 640 W with a cycle of 10 s on, 20 s off, 10 s on, followed by 4ϫ water rinses at 150 W for 40 s each, postfixed with 1% aqueous osmium tetroxide 2ϫ at 90 W with a cycle of 2 min on, 2 min off, 2 min on under vacuum. Then they were placed on ice in between changes with additional 1 h incubation on rotator, dehydrated in increasing ethanol concentrations 1ϫ at 150 W for 40 s each, followed by propylene oxide 2ϫ at 250 W for 40 s each. Samples were gradually infiltrated with increasing resin to propylene oxide ratio up to full resin 2ϫ at 250 W for 3 min each under vacuum. The samples were embedded in flat silicone mold with EMBED-812 resin and cured in the oven at 60°C. ImageJ 1.40 g (National Institutes of Health, USA) was used for morphometric analyses of EM images. Only Ib boutons (diameter Ͼ 1.5 m) with clear subsynaptic reticulum (SSR) from muscles 6 and 7 in the third and fourth segments were examined and quantified. The bouton diameter was determined by bouton perimeter divided by (ϳ3.141593).
SSR width was quantified as described in Budnik et al. (1996) . Three to four different measurements were made from postsynaptic density (PSD) to distal SSR for each bouton. The SSR width was then calculated by averaging these measurements. To reduce the effect of bouton size, the averaged SSR width was further normalized by the diameter of the bouton (averaged SSR width/bouton diameter). The postsynaptic area was defined as the area between the PSD and the SSR. Only those AZs that clearly showed postsynaptic area were measured. (N represents the number of boutons analyzed while n is the number of AZs).
Electrophysiology. Wandering third-instar larvae were dissected in icecold zero calcium HL-3 solution (Stewart et al., 1994) . Dissected larvae were then rinsed three times with HL-3 with 0.5 mM Ca 2ϩ and incubated in HL-3 with 0.5 mM Ca 2ϩ for at least 3 min before recording. Body wall muscle 6 (abdominal segment A3 only) was used for intracellular recordings with sharp electrodes filled with a 2:1 mixture of 2 M potassium acetate and 2 M potassium chloride (32-40 M⍀). Data were collected only when resting membrane potential was below Ϫ65 mV. The recording data were discarded when resting membrane potential shifted more than Ϯ5 mV during the course of experiment. In addition, only one muscle per larvae was recorded in each individual experiment. Excitatory junction potentials (EJPs) were recorded by directly stimulating the segmental nerve innervating each hemisegment A3 through a glass capillary electrode (internal diameter, ϳ10 m) at 0.2 Hz. The applied currents were 6 Ϯ 3 A with fixed stimulus duration at 0.3 ms. This is 50% more than that required to activate both Ib and Is boutons on the recorded muscles. Twenty to thirty evoked EJPs were recorded for each muscle for analysis. Miniature EJP (mEJP) events were collected for 5 min. Both EJPs and mEJPs were amplified with an Axonclamp 2B amplifier in bridge mode under the control of Clampex 8.2 (Molecular Devices). All experiments were performed at room temperature (20°C-22°C).
EJPs and paired-pulse stimulation were analyzed with pClamp 9.2 software (Molecular Devices). mEJPs was analyzed using the Mini Analysis Program (Synaptosoft). Evoked EJP amplitude was corrected by using nonlinear summation (Feeney et al., 1998) . The quantal content of evoked release was calculated from individual muscles by ratio of the averaged EJP and averaged mEJP amplitude. Statistical analyses of EJP and mEJPs between genotypes were made using Student's t test (SigmaPlot 10.0, Systat Software).
Immunoprecipitation and Immunoblotting Analysis. The immunoprecipitation (IP) experiments were performed as previously described (Banerjee et al., 2010) . Briefly, fly heads of desired genotypes were homogenized using a glass homogenizer in a weight/volume ratio of 1:3 in ice-cold lysis buffer containing 50 mM HEPES, pH 7.2), 100 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 1% NP-40 with protease inhibitors. The lysates were kept on ice for 10 min and centrifuged at 50,000ϫ g for 30 min at 4°C, and used subsequently for IP and immunoblot analysis. For each IP reaction, 100 l of supernatant was precleared with Protein A beads followed by incubation with primary antibodies at 1:20 dilution (anti-Dnlg2, anti-Dnrx) for 8 h at 4°C. The supernatant-antibody mix was incubated with 25 l of prewashed Protein A beads for 2 h at 4°C. The beads were then washed three times in PBS followed by elution of the immunocomplexes in 30 l of PBS/SDS buffer and resolved by SDS-PAGE for immunoblotting with respective antibodies. Anti-Dnlg2 was used at 1:100 and anti-Dnrx was used at 1:500 for immunoblot analysis.
Results

Generation of dnlg2-null mutants
The domain structure of Dnlg2 is similar to that of mammalian Nlg1. The extracellular domain contains an N-terminal signal peptide and an AChE-like domain. This is followed by a transmembrane domain (TM) and a cytoplasmic region with a PDZ binding motif (PBM) (Fig. 1A) . The AChE domains of Drosophila Dnlg2 and human Nlg1 (NCBI Reference Sequence: NP_055747.1) (Saus et al., 2010) share ϳ36% amino acid sequence identity and ϳ56% similarity (Fig. 1A) . To determine the dnlg2 expression in the Drosophila we performed in situ hybridization in embryos. A dnlg2 probe recognizing the TM region revealed that dnlg2 is primarily expressed in the ventral nerve cord (VNC) and the brain of stages 14 -16 embryos ( Fig. 1 B) . In addition, Dnlg2 expression is also observed at low levels in the embryonic musculature (data not shown).
To study the function of Dnlg2 in vivo, we generated dnlg2-null mutants using a P-element and a PiggyBac that flank the gene and carry FRTs. Upon induction of FLP in the germline the DNA between the FRT sites is deleted (Parks et al., 2004; Thibault et al., 2004) (Fig. 1C) resulting in a 32.6 kb deletion that includes the dnlg2 locus and CG13773 (Fig. 1C) . To avoid issues with the genetic background, two dnlg2 deletion alleles were outcrossed to an isogenized wild-type strain for seven generations and two independent excision stocks named dnlg2 CL2 and dnlg2 CL5 were established. Both dnlg2 CL2 and dnlg2 CL5 are homozygous viable. The endpoints of the deletions were established by PCR using the primers shown (Fig. 1 D) .
Next we generated antibodies against Dnlg2 to determine its subcellular localization in the third-instar larvae. Immunostaining using anti-Dnlg2 and anti-Bruchpilot (Brp), a marker for presynaptic AZs (Wagh et al., 2006; Weyhersmüller et al., 2011) indicates that Dnlg2 and Brp are localized to CNS synapses of the VNC (Fig. 1 E) . No staining was observed in dnlg2 mutants ( Fig.  1 F) . To determine whether Dnlg2 is present presynaptically and/or postsynaptically at larval NMJs, we performed immunostaining of third-instar larval musculature. Despite generating 11 antibodies against Dnlg2, we were unable to detect Dnlg2 at NMJs. Although Sun et al. (2011) reported that Dnlg2 localizes postsynaptically at the larval NMJs, we were not able to detect NMJ labeling using the anti-Dnlg2 with the protocol reported by Sun et al. (2011) . We thus conclude that Dnlg2 levels at the larval NMJs are too low to be consistently detected.
To determine the relative molecular weight of Dnlg2 and to establish that dnlg2 CL2 is indeed a null allele, we performed immunoblot analysis of wild-type and dnlg2 CL2 adult head lysates using a polyclonal guinea pig anti-Dnlg2 antibodies (this study). As shown in Figure 1G , wild-type lysates show the presence of a robust ϳ70 kDa band (Fig. 1G , a, red arrowhead) at a shorter exposure time, which is absent in the dnlg2 CL2 lysates. Upon longer exposure (30 min) a faint ϳ145 kDa band (Fig. 1G, b , red arrow, asterisk) is visible, which is absent from dnlg2 lysates. To confirm the presence of the ϳ145 kDa band in the wild-type lysates, we split the blot and probed them separately with antiDnlg2 (Fig. 1 H) . We were able to detect both ϳ145 kDa (Fig. 1 H, a) and ϳ70 kDa (Fig. 1 H, b) bands in wild-type lysates that were missing from the dnlg2 lysates using this process. We conclude that the 145 kDa band is specific to Dnlg2 and is only visualized when immunoblots are processed separately from the 70 kDa band, most likely, as the levels of the 70 kDa band are many folds higher than that of the 145 kDa band. The 145 kDa molecular weight of Dnlg2 is slightly higher than that predicted from the open reading frame (ϳ138 kDa) and was not observed by Sun et al. (2011) . These data show that dnlg2 is indeed a null allele.
Since our immunohistochemical analysis could not detect the presence of Dnlg2 at the wild-type larval NMJ (Fig. 1 I, arrows) , we overexpressed the full-length UAS-dnlg2 ubiquitously using tub P -Gal4 driver (Fig. 1 J) . Upon staining with anti-Brp (red) and anti-Dnlg2 (green), we were able to detect Dnlg2 at the NMJ synaptic boutons (Fig. 1 J) . In summary, our data indicate that Dnlg2 is a 145 kDa protein and that it may undergo proteolytic processing or degradation to form a 70 kDa isoform. It can easily be detected in the synaptic-rich areas of the larval VNC, but its abundance at NMJs is probably very low.
dnlg2 mutants exhibit a reduced number of boutons at larval NMJs
To determine whether the NMJs were affected we performed immunostaining on the larval body walls of wild-type and dnlg2 mutants using anti-HRP to identify neuronal membranes and anti-Dlg to label type I boutons ( Fig. 2A ) (Budnik et al., 1990 ; Figure 1 . Generation of dnlg2 mutants. A, Protein domain structure of Drosophila Dnlg2 and human NLG1. Similar to human NLG1, Dnlg2 is composed of a signal peptide, an AChE-like domain and a TM domain followed by a PBM at the C terminus. The percentage amino acid identity (I) and similarity (S) between Dnlg2 and NLG1 in the AChE domains are indicated. B, In situ hybridization of wild-type embryo at stage 16 using a dnlg2-labeled antisense probe shows mRNA expression in the VNC (arrowhead) and brain lobes (BL, arrowhead). C, Genomic structure of dnlg2 and the flanking insertions, P{XP}d02251 in the 5Ј end and PBac{WH}f04579 in the 3Ј end. The arrows pointing down indicate the sites of insertion. The arrow in the dnlg2 locus shows the direction of transcription. The dnlg2-null mutant was generated using FRT-based recombination. The deleted genomic region is shown by the red line. A genomic BAC construct, P[acman]BAC CH322-173I20, spanning the region shown by the green line was used to rescue the deletion. D, PCR confirmation of the targeted deletion using different primer combinations. The PCR primer sets used are shown as numbers and arrowheads in C. E, F, VNC sections from third-instar larvae of wild-type (E) and dnlg2 CL2 mutants (F ) stained with anti-Dnlg2 (green) and anti-Brp (red) show expression of Dnlg2 in the synapse-rich regions of the VNC where Brp is expressed (E, merged image). Dnlg2 expression is absent in dnlg2 mutants (F ). G, H, Immunoblot analysis of Dnlg2. Adult fly head extracts from wild-type (ϩ/ϩ) and dnlg2 mutants immunoblotted with anti-Dnlg2 antibodies. A shorter (G, a) and a longer (G, b) exposure time reveal the presence of a strong ϳ70 kDa band in the wild-type lysate (red arrowhead). The blot with the longer exposure time shows the appearance of a faint ϳ145 kDa band (G, b, red arrow, asterisk). Immunoblots with anti-Dnlg2 antibodies processed separately (H, a, b) detects the upper ϳ145 kDa molecular weight (H, a, arrowhead) and the bottom ϳ70 kDa band (H, b, arrowhead) in wild-type lysates that are absent in the dnlg2 lysates. For protein-loading control, the blot was probed with anti-␣-tubulin (H, c, arrowhead). I, J, Third-instar larval NMJ from wild-type (I ) and tub P -Gal4/UAS-dnlg2 (J ) show expression of Dnlg2 (green) and Brp (red) at the NMJ synaptic boutons. Scale bars: (in F ) E, F, 20 m; (in J ) I, J, 10 m. Lahey et al., 1994) . As shown in Figure 2 B, a-c, in dnlg2 mutants, the number of boutons is severely reduced: they have fewer boutons at muscle 6/7 (NMJ6/7) (Fig. 2 B, a-c) and muscle 4 (NMJ4) (Fig. 2 E, a-c) when compared with wild type (Fig. 2 A, D ; quantified in Fig. 2 F) . This defect is caused by the loss of dnlg2 and/or CG13773 as this phenotype as well as other phenotypes (see below) are rescued with a genomic BAC (P[acman]BAC CH322-173I20; indicated by the green line in Fig. 1 D; Venken et al., 2009) that contains the entire genomic region of dnlg2 and CG13773 (Fig. 2C,F) . However, CG13773 is not implicated as ubiquitous expression of UAS-Dnlg2 using tub P -Gal4 driver restores bouton number to wild-type levels in the dnlg2 excision mutants (Fig. 2 F; see below). The boutons in dnlg2 mutants (Fig. 1 E) are less defined when compared with the wild type (Fig. 1C) . The wild-type synaptic boutons have a rounded to oval morphology and are separated from each other by a distinct neural process giving a beaded appearance (Fig. 2 E, a) whereas the dnlg2 mutant boutons are not well separated (Fig. 2 E, b) . These data show that loss of Dnlg2 causes a reduction of boutons as well as an aberrant overall morphology.
To examine the distribution and localization of presynaptic and postsynaptic proteins at the dnlg2 mutant synapses, we performed immunostaining using anti-Brp (presynaptic) and antiGluRIII (postsynaptic), which labels one of the subunits of Drosophila glutamate receptors (Marrus et al., 2004) . Although all AZs have both Brp and GluRIII punctae juxtaposed to each other ( Fig. 2G-I ), the level of GluRIII is reduced in dnlg2 mutants (Fig. 2 H, a) compared with wild type (Fig. 2G, a) . Quantification of the fluorescent intensity of GluRIII punctae suggests that there is a 30% decrease in dnlg2 mutants (Fig. 2 J) . This phenotype is also rescued by genomic BAC construct or by ubiquitous Dnlg2 overexpression using tub P -Gal4 driver in dnlg2 mutants (Fig.   2 I, J; data not shown). However, staining with anti-Brp and anti-GluRIIA, another subunit of glutamate receptors, showed that there is a slight, but not statistically significant, increase in the level of GluRIIA in dnlg2 mutants (Fig. 2 K-M (Fig. 3B ) and dnrx/Df (Fig. 3C ) single mutants are null mutations that display a significantly reduced number of boutons compared with their wild-type counterpart (Fig. 3 A, H) . Larvae transheterozygotes for dnlg2 ϩ/ Ϫ ; dnrx ϩ/ Ϫ exhibit normal NMJ morphology (Fig. 3 D, H ) similar to the wild type (Fig. 3 A, H) . However, dnlg2 Ϫ/ Ϫ ; dnrx ϩ/ Ϫ (Fig. 3 E, H) , dnlg2 ϩ/ Ϫ ;dnrx/Df (Fig. 3 F, H) , and dnlg2
;dnrx/Df (Fig. 3G,H) all display a similar reduction in bouton numbers as dnlg2 (Fig. 3 B, H) and dnrx/Df single mutants (Fig. 3C,H ). The differences in bouton numbers between these mutant genotypes ( Fig. 3B-G) do not reach any statistical significance. Furthermore, the total AZ numbers as visualized by anti-Brp staining at NMJ6/7 did not show any significant difference between the wild-type and dnlg2 mutants (Fig. 3I ). In addition, whereas Sun et al. (2011) documented that dnlg2
;dnrx Ϫ/ Ϫ are lethal, we find that our double-null mutants are viable, further suggesting that loss of dnlg2 and/or dnrx does not exacerbate the phenotype of the other, consistent with the conclusion that both proteins affect the same molecular events and cause very similar phenotypes at the NMJs.
dnlg2 mutants exhibit synaptic differentiation defects at the NMJs
The Drosophila larval NMJ synapse displays stereotypic ultrastructure including the presynaptic T-bars and densities as well as postsynaptic specializations, the SSR (Zhai and Bellen, 2004; Fouquet et al., 2009 ). Since dnlg2 mutants display synaptic growth defects at the NMJs (Fig. 2) , we examined the ultrastructural features associated with the loss of Dnlg2 at synapses. We performed transmission electron microscopy (TEM) analyses on dnlg2 mutants. Cross sections of the wild-type boutons show several AZs with characteristic T-bars surrounded by synaptic vesicles (Fig. 4A) (Mendoza-Topaz et al., 2008; Fouquet et al., 2009) . A wild-type synapse at a higher magnification shows an AZ, the postsynaptic area (PSA), and SSR (Fig. 4 B) . These NMJ synaptic boutons are embedded in the muscle and surrounded by specialized membrane folds, the SSR. Several defects were observed in dnlg2 mutants. dnlg2 mutant boutons exhibit an increased number of AZs in each bouton (Fig. 4C) . Interestingly, the space between postsynaptic density and the SSR, the PSA, is increased in dnlg2 mutants (Fig. 4C,D ; quantified in Fig. 4 J) . In addition, we find that the width of SSR is severely reduced in dnlg2 mutants. All these phenotype are rescued by introduction of a BAC construct (P[acman]BAC CH322-173I20) that contains the genomic region of dnlg2 (Fig. 4 E ; quantified in Fig. 4 H-K) .
The increase in AZ number per bouton is also observed in dnrx mutants (Fig. 4 F) and double mutants of dnlg2 and dnrx also exhibit a similar increased AZ numbers and defective PSAs (Fig. 4G) . Consistent with an increase in number of AZs, we observed an increase in length of postsynaptic density per unit perimeter in all mutants. Together, these data indicate that Dnlg2 plays a critical role in proper postsynaptic differentiation and that Dnlg2 and Dnrx are jointly required for proper synapse organization and maturation.
Dnlg2 and Dnrx form a molecular complex
The morphological analyses presented in the preceding sections indicate that Dnlg2 and Dnrx function together to coordinate synaptic growth at the NMJs. To test whether Dnlg2 and Dnrx are present in the same molecular complex, we performed IP followed by immunoblot analyses using anti-Dnlg2 and anti-Dnrx antibodies. When anti-Dnlg2 antibodies were used for IP in wildtype adult fly head extracts, we were able to IP the 145 kDa Dnlg2 protein (Fig. 5A) . When anti-Dnrx antibodies were used for IP in adult wild-type and dnlg2 fly heads, the anti-Dnlg2 antibody detected the 145 kDa Dnlg2 protein in the IP complex (Fig. 5B ) of wild type but not dnlg2. Interestingly, in the same blot, the 70 kDa Dnlg2 could not be detected in both the wild-type and dnlg2 IP complex (Fig. 5C, arrowhead) . These results show that Dnlg2 (145 kDa) and Dnrx are present in the same molecular complex. When fly head lysates from wild-type and dnlg2 mutants were immunoprecipitated using anti-Dnlg2 antibodies, the Dnlg2 (70 kDa) was abundantly detected in the wild type but not in the dnlg2 mutants (Fig. 5D ). To further determine whether loss of Dnlg2 had any effect on the protein stability and levels of Dnrx, we performed immunoblot analysis of equal amounts of wildtype and dnlg2 mutant adult head lysates. We found that the levels of Dnrx in dnlg2 mutants are comparable to those in the wild type, suggesting that the stability of Dnrx is not affected in dnlg2 mutants (Fig. 5E ). Same amounts of lysates from wild-type and dnlg2 fly heads immunoprecipitated with anti-Dnrx antibodies showed the presence of Dnrx in both wild-type and dnlg2 mutants (Fig. 5F ). These data indicate that the full-length 145 kDa Dnlg2 is most likely the functional protein present in the Dnrx complex, while the 70 kDa Dnlg2 might be a processed form that is not present in the Dnrx molecular complex. ). These conclusions were challenged as Nrxs were also observed to be expressed postsynaptically pointing to a complex mechanism of interactions between Nrxs and Nlgs in synapse function and modulation (Peng et al., 2004; Taniguchi et al., 2007) . To establish whether Dnlg2 function is required presynaptically and/or postsynaptically at NMJs, we performed rescue analyses of dnlg2 mutants (Fig. 6 B, C) by driving UAS-dnlg2 presynaptically (neurons), postsynaptically (muscle), or ubiquitously (Fig. 6 D-N) . When Dnlg2 was expressed postsynaptically using musclespecific drivers, C57-Gal4 and 24B-Gal4, the reduction in bouton number at dnlg2 mutant NMJs could not be rescued in dnlg2 CL2 (Fig. 6 D-G; quantified in Fig. 6O) . Similarly, expression of Dnlg2 presynaptically using neuronal driver, elav-Gal4, also failed to rescue dnlg2 NMJ phenotypes (Fig. 6 H; quantified in Fig. 6O ). However, when Dnlg2 was expressed in both neurons and muscles with a ubiquitous driver, tub P -Gal4, the bouton number was restored to wild-type levels in dnlg2 CL2 mutants (Fig. 6 I, J ; quantified in Fig. 6O ). These data show that Dnlg2 is required presynaptically and postsynaptically for proper bouton formation and growth at NMJs. We further confirmed that the ability to rescue the dnlg2 phenotype using tubP-Gal4 compared with 24B-Gal4 or C57-Gal4 is not due to higher expression of Dnlg2 in muscles. Interestingly, fluorescence signal intensity quantification showed that Dnlg2 expression in muscles under 24B-Gal4 is significantly higher than tub P -Gal4 while C57-Gal4 is statistically comparable to that of C57-Gal4 (data not shown). Sun et al. (2011) previously reported that Dnlg2 functions postsynaptically and that dnlg2 mutant phenotypes at the NMJs are fully rescued by postsynaptic expression of Dnlg2. However, we failed to rescue their dnlg2 K070 mutants (Sun et al., 2011) by postsynaptic expression of Dnlg2 using 24B-Gal4 and C57-Gal4 (Fig. 6 E, G,O) . Together, our data indicate that presynaptic or postsynaptic expression alone of Dnlg2 is not sufficient to rescue dnlg2 mutant NMJ phenotypes; rather Dnlg2 is required presynaptically and postsynaptically for proper bouton formation.
Dnlg2 is required presynaptically and postsynaptically for synaptic development at NMJs
Several vertebrate studies have shown that overexpression of Nlgs is sufficient to promote synapse formation in cultured mammalian neurons (Scheiffele et al., 2000; Comoletti et al., 2003; Prange et al., 2004) . We therefore assessed whether overexpression of Dnlg2 in the wild-type animals affected normal bouton growth at NMJs. Surprisingly, postsynaptic overexpression of Dnlg2 using (C57-Gal4 and 24B-Gal4 ) reduced bouton numbers to levels similar to those observed in dnlg2 mutants (Fig. 6 K, L ; quantified in Fig. 6 P) . However, presynaptic overexpression of Dnlg2 using elav-Gal4 had no effect on bouton growth (Fig. 6 M; quantified in Fig. 6 P) . In contrast, when Dnlg2 was overexpressed both presynaptically and postsynaptically using tub PGal4, we observe an increase in bouton growth of ϳ27% when compared with wild type (Fig. 6 N; quantified in Fig. 6O ). Hence, Dnlg2 promotes bouton formation and synaptic growth at NMJs when expressed presynaptically and postsynaptically during development.
Synaptic transmission is reduced in dnlg2 mutants
As shown in the preceding sections, loss of Dnlg2 results in the reduction of GluRIII levels at NMJs (Fig. 2 J) and ultrastructural abnormalities at the synapse (Fig. 4) . We next examined the consequences of loss of Dnlg2 alone as well as the combined loss of Dnlg2 and Dnrx on synaptic transmission at the NMJs. We performed our electrophysiological analyses on muscle 6 of thirdinstar larval body walls and recorded the EJPs in 0.5 mM [Ca 2ϩ ] o at 0.2 Hz. Both dnlg2 CL2 and dnlg2 KO70 mutants exhibit a reduction in EJP amplitude, which is rescued by the genomic BAC construct in dnlg2 CL2 (Fig. 7A) . Under identical conditions, dnrx mutants also have reduced EJP amplitudes, consistent with previous reports Chen et al., 2010) . Interestingly, dnlg2;dnrx double mutants show a similar reduction in EJP amplitudes as dnlg2 or dnrx single mutants, again suggesting that Dnlg2 and Dnrx function together at the synapse. We observed no significant changes in mEJP amplitudes in all mutant combinations when compared with control wild type (data not shown) and dnlg2 CL2 ;BAC-Res (Fig. 7B) . All mutant combinations revealed severely decreased quantal contents compared with wild type (data not shown) and the genomic BAC rescue of dnlg2 mutants (Fig. 7C) . Interestingly, the total number of AZs at the NMJs on muscle 6/7 are comparable between wild-type and dnlg2 mutants (Fig. 3I) , indicating that dnlg2 mutants have a lower release probability due to synaptic structural alterations.
Next we determined the EJP, mEJP amplitudes, and the quantal contents when Dnlg2 was expressed using neuronal, muscle, and ubiquitous drivers in dnlg2 CL2 and dnlg2 KO70 mutant backgrounds. Both dnlg2 mutants showed a significant reduction in EJP amplitudes (Fig. 7A ) and quantal content (Fig. 7C) when Dnlg2 was expressed either presynaptically or postsynaptically. The EJP amplitude, however, was similar to control levels (dnlg2 CL2 ;BAC-Res) in both dnlg2 mutants when Dnlg2 was expressed both presynaptically and postsynaptically using tub PGal4 (Fig. 7A) . The mEJP amplitudes in dnlg2 CL2 mutants were not significantly different upon Dnlg2 expression presynaptically and/or postsynaptically when compared with dnlg2 CL2 ;BAC-Res (Fig. 7B) . However, in dnlg2 KO70 mutants, postsynaptic expression of Dnlg2 resulted in a significant increase in the mEJP amplitude (Fig. 7B ) when compared with wild-type and mutant larvae expressing Dnlg2 presynaptically or ubiquitously. Together our data show that Dnlg2 is required both presynaptically and postsynaptically for proper synaptic transmission.
Discussion
Sequence analyses of the Drosophila genome revealed four neuroligin genes and mutational analyses of two of these genes dnlg1 (Banovic et al., 2010) and dnlg2 (Sun et al., 2011) revealed that Dnlg1 and Dnlg2 are required independently for synaptic growth and function. Dnlg1 functions postsynaptically and is required for proper synaptic development and differentiation (Banovic et al., 2010) . Dnlg2 was also shown to function postsynaptically (Sun et al., 2011) ; however, some of the previously reported functions of Dnlg2 are inconsistent with the data presented here. We report the generation of mutations in dnlg2 and characterization of the associated phenotypes. We find that loss of dnlg2 causes a developmental defect at NMJs, with reduced bouton numbers. This phenotype is fully rescued when dnlg2 was expressed presynaptically and postsynaptically, indicating that Dnlg2 is required in both presynaptic and postsynaptic compartments for normal synaptic growth. Ultrastructural analyses revealed that dnlg2 mutants have significantly increased numbers of AZs and postsynaptic density length. However, the postsynaptic SSR width is reduced. Electrophysiological measurements revealed that dnlg2 mutants have reduced EJP amplitude, but normal mEJP amplitude, indicating a reduced release probability. Furthermore, dnlg2 and dnrx double mutants are viable and reveal phenotypes similar to dnlg2 and dnrx single mutants, indicating that dnlg2 and dnrx likely function in the same pathway to coordinate synaptic development and transmission. Finally, our phenotypic rescue data using the Gal4/UAS system (Brand and Perrimon, 1993) suggest that Dnlg2 is required both presynaptically and postsynaptically for proper NMJ bouton growth, synapse structure, and neurotransmission.
Although some of our results are in agreement with published data on dnlg2, many of the results reported here are in disagreement with the data presented in Sun et al. (2011) . First, it was reported that postsynaptic Dnlg2 expression alone is sufficient to rescue the dnlg2 mutant phenotypes. Using the dnlg2 mutant alleles reported in Sun et al. (2011) and postsynaptic Dnlg2 expression, we were unable to rescue the bouton growth phenotypes. Second, it was reported that EJP amplitudes are much increased in dnlg2 mutants. However, we find that EJP amplitudes in both dnlg2 and dnlg2 KO70 mutants are decreased and that both mutants exhibit a reduction in neurotransmitter release probability. Third, our biochemical studies support the existence of a ϳ145 kDa molecular weight Dnlg2 that based on protein interaction data are most likely the functional form. This form was not reported in Sun et al. (2011) . Fourth and perhaps most importantly, dnlg2 and dnrx double mutants were reported to be lethal by Sun et al. (2011) and to display a more severe phenotype in bouton growth phenotype than individual mutants, suggesting that dnlg2 and dnrx function in parallel pathways to affect the same biological process. We find that the double mutants are viable and have defects that resemble the dnlg2 and dnrx singlenull mutants in overall NMJ morphology and at the ultrastructural level, strongly indicating that they do not function in , arrowhead) . B, C, IP from wild-type fly head lysates using anti-Dnrx reveals the presence of Dnlg2 in the same complex (B, 145 kDa, arrowhead). The 70 kDa Dnlg2 does not associate with Dnrx. Only nonspecific background bands are observed in the wild-type and dnlg2 lysates near where the 70 kDa band is expected (C, arrowhead). Note that B and C are from the same protein blot probed separately. D, IPs from equal amounts of wild-type and dnlg2 mutant fly head lysates using anti-Dnlg2 show the presence of Dnlg2 (70 kDa) in wild-type but not in dnlg2 mutants. (Note that the break in between the lanesisduetoremovalofanemptylane).E,Dnrxproteinlevelsareunaffectedindnlg2mutants.F,IPs from equal amounts of wild-type and dnlg2 mutants using anti-Dnrx show the presence of Dnrx in both wild-type and dnlg2 mutants.
parallel pathways. A possible explanation of the double mutant phenotypes documented by Sun et al. (2011) is that genetic background issues contribute to the lethality when combined with dnrx mutants. The potential effects of genetic background on NMJ morphology and function have been reported previously in a screen for synaptogenesis mutants (Liebl et al., 2006) . Our phenotypic analyses revealed identical results from both dnlg2 alleles [dnlg2 CL2 (this study) and dnlg2 KO70 (Sun et al., 2011)] ruling out any major contributions from the genetic backgrounds between the two independently generated dnlg2 alleles. However, the lethality observed in dnlg2/dnrx double mutants reported in Sun et al. (2011) could be attributed to contributions from the genetic background.
Drosophila Nlgs and their role at the synapse
The functions of vertebrate Nrxs and Nlgs are thought to be important for synapse maturation and activity-dependent synaptic modulation, but dispensable for initiation of synaptogenesis , expression of Dnlg2 in muscles with C57-Gal4 (D, E) or 24B-Gal4 (F, G) failed to rescue bouton number deficits in both dnlg2 CL2 and dnlg2 KO70 mutants. Similarly, expression of Dnlg2 in neurons using elav-Gal4 (H ) also failed to rescue the NMJ phenotype. However, when Dnlg2 was expressed ubiquitously with tub-Gal4 (J, I ), the NMJ phenotype in both dnlg2 CL2 and dnlg2 KO70 mutants was restored to wild-type levels. K-N, dnlg2 overexpression analyses in the wild-type background. Overexpression of Dnlg2 in muscles using C57-Gal4 (K ) or 24B-Gal4 (L) adversely affected bouton growth. In contrast, overexpression of Dnlg2 in neurons (M ) does not affect NMJ bouton growth or number dramatically. Simultaneous overexpression of Dnlg2 in muscles and neurons promotes bouton growth at NMJs (N ). O, P, Quantification of bouton number at NMJ6/7 for rescue analyses (O) and overexpression analyses (P). Error bar indicates SEM; ***p Ͻ 0.001; **p Ͻ 0.01; *p Ͻ 0.05 (ANOVA, Tukey's post hoc test). Scale bar, 20 m. (Missler et al., 1998 . Several recent studies support these functional roles for Nrxs and Nlgs in synaptic plasticity (Kim et al., 2008; Etherton et al., 2009; Blundell et al., 2010; Dahlhaus et al., 2010; Choi et al., 2011) . These studies have raised interesting questions as to whether Drosophila Nlgs are involved in synaptic plasticity and modulation. Both Dnlg1 and Dnlg2 are similar in structure, but seem to function independently for synaptic development, organization, and function (Banovic et al., 2010; Sun et al., 2011; this study) . Although dnlg1-null and dnlg2-null mutants display some similarities in their NMJ phenotypes, including reduced NMJ bouton numbers, reduced postsynaptic SSR thickness and reduced overall synaptic transmission, they also show key differences. dnlg1 mutants have fewer AZs at muscle 6/7 and some mutant boutons are completely devoid of postsynaptic markers, which is not observed in dnlg2 mutants. dnlg1 mutants show mostly postsynaptic defects, but dnlg2 mutants also display presynaptic defects, such as lower release probability, in addition to postsynaptic structural abnormalities. The similarities in mutant phenotypes suggest that they both are involved in bouton growth and SSR stability, and the differences in mutant phenotypes indicate that they have distinct functions in coordinating synaptic development and synapse differentiation. It is possible that Dnlg1 is involved in the recruitment or stabilization of the postsynaptic machinery, whereas Dnlg2 serves to fine-tune and refine synapse organization as is revealed by ultrastructural analysis with an increased number of AZs in the remaining boutons (Fig. 4) . In the absence of Dnlg2 and Dnrx AZ number increase and the synaptic areas are significantly increased, suggesting that the mutants fail to prune away ectopic AZs and are unable to refine densities. dnlg1 mutants, on the other hand, lack postsynaptic differentiation at the synapses indicating that Dnlg1 and Dnlg2 perform distinct functions during synapse differentiation (Banovic et al., 2010) . Interestingly postsynaptic expression of Dnlg1 and Dnlg2 repress bouton growth, implying that postsynaptic Dnlg1 and Dnlg2 may either interact and interfere with the functions of presynaptic proteins or dilute out functions of a key postsynaptic protein(s), which is involved in normal bouton growth. How a single presynaptic Dnrx protein interacts with postsynaptic Dnlg1 and presynaptic and postsynaptic Dnlg2 to coordinate synaptic development remains unresolved. Caenorhabditis elegans is present at both presynaptic and postsynaptic regions (Feinberg et al., 2008) . Along similar lines, it was reported that Nrxs are also expressed in the postsynaptic areas, where they may play a role in controlling synaptogenesis by blocking the functions of postsynaptic Nlgs (Taniguchi et al., 2007) . These observations suggest that Nrxs and Nlgs could modulate synapse formation by counteracting each other's functions during synapse formation and/or modulation. Our data provide evidence in support of both a presynaptic and postsynaptic function of Dnlg2 in synapse formation. We show that a full complement of boutons at dnlg2 mutant NMJs is only restored when Dnlg2 is expressed both presynaptically and postsynaptically. Expression of Dnlg2 only presynaptically or postsynaptically was not sufficient to restore bouton growth. Surprisingly, overexpression of Dnlg2 in the postsynaptic areas in the wild-type animals also leads to a reduction in bouton growth, almost similar to Figure 7 . Dnlg2 expression is required in presynaptic and postsynaptic areas for rescue of synaptic transmission defects in dnlg2 mutants. A-C, Quantification of electrophysiological analyses for dnlg2 and dnrx 273 single and dnlg2;dnrx double mutants at muscle 6 of the third abdominal segment. dnlg2 and dnrx 273 single and dnlg2;dnrx double mutants showed reduced EJP amplitudes (A) but normal mEJP amplitude (B). All the mutants have reduced quantal contents (C). Similarly, presynaptic (elav-Gal4 ) and postsynaptic (24B-Gal4 or C57-Gal4 ) expression of Dnlg2 in dnlg2 CL2 and dnlg2 KO70 mutants failed to restore EJP amplitudes (A) and quantal content (C) deficits. Ubiquitous expression of Dnlg2 using tub P -Gal4 in both dnlg2 CL2 and dnlg2 KO70 mutants restores the EJP amplitude (A) to control levels. mEJP amplitudes (B) remain unchanged in dnlg2 CL2 mutants when Dnlg2 is expressed presynaptically and postsynaptically alone or in combination. However, an increase in mEJP amplitude is seen when Dnlg2 is expressed in muscles using C57-Gal4 in dnlg2 KO70 mutants, while no changes were observed when Dnlg2 is expressed using elav-Gal4 or tub P -Gal4. ***p Ͻ 0.001; **p Ͻ 0.01; *p Ͻ 0.05 (Student's t test).
Presynaptic and postsynaptic requirements of Nlgs
dnlg2 mutant levels. However, overexpression of Dnlg2 presynaptically did not result in such phenotypes. On the other hand, when Dnlg2 is expressed both presynaptically and postsynaptically in the wild-type larvae, there is excess bouton growth at NMJs, similar to when Dnrx is overexpressed presynaptically . These data suggest that a fine balance of the Dnlg2 protein levels is critical for normal bouton growth. It is possible that high levels of postsynaptic Dnlg2 may lead to an uncontrolled or untimely interaction with presynaptic or postsynaptic proteins, such as Dnrx and DNlg1, respectively, and hinder bouton growth at NMJs, leading to phenotypes that are similar to dnlg2 or dnrx mutants. A recent study also suggested that some Nlg functions are neurexin-independent and that Nlgs can form complexes with other proteins at the synapses (Ko et al., 2009 ). This raises the possibility that presynaptic and postsynaptic Dnlg2 functions are dependent on formation of homophilic interactions with itself or heterophilic interactions with other synaptic proteins across the synaptic cleft to organize bouton growth at NMJs. It would be of significant interest to determine how loss of Dnlg2 leads to increased AZs and how mechanistically these functions of Dnlg2 are linked with Dnrx and other synaptic proteins. In summary, our results show that Neuroligin functions are required presynaptically and postsynaptically for synapse development. Our observations in Drosophila and those of Feinberg et al. (2008) in C. elegans suggest that Nlgs have presynaptic and postsynaptic functions that may be required to counterbalance the functions of Nrxs or other proteins during synaptic growth and modulation. It was recently suggested that postsynaptic Nrxs counter the functions of Nlgs to ensure that synapses do not form at random places. However, in our model, antagonistic functions are unlikely given the similarity in phenotypes between the two mutants. Other synaptic adhesion molecules, such as LRRTM2 (Ko et al., 2009 ) and the recently identified Teneurins (Mosca et al., 2012) as new interacting partners of Dnrx and Dnlg1, respectively, further add to the complexity of trans-synaptic interactions and synapse organization. In this context, the requirement of Dnlg2 in both the presynaptic and postsynaptic compartments raises interesting questions about how synaptic organization is fine-tuned, and how signaling pathways regulate the expression of presynaptic and postsynaptic proteins during synaptic development and maturation. Deciphering the signaling role of Nrxs and Nlgs at the Drosophila synapses coupled with structure/function analyses should provide a better understanding of the underlying molecular mechanisms of synapse development and function. Such information will provide critical insights into how these molecules are involved in human health and diseases such as ASD.
